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fars bo certain charts. Cn these charts e plotted the actua:l path of the '
plane on Antiaircraft Artillery 7sard courses 303 and 304 aa'\detem,md
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to he an;y practicable way of reproducinn then for inclusion in this report. -
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-~ The present report conccrns the use of statistical methcds of pradxctxon,
Pd!ticularly as appliéd to the conircl of znti-aircraft fire of large caliber at
ioﬁgn , and evén moré specially concerning such fire as used against planes !11-
m ﬁvprotimtciy level and straight course 'l'hé: investigation lmd xts xncoptxon in '
cettain guestions that. w'xo put to the cutheor in the fall of 1940 concoru:nq sorVo-
nackanism design. Az that time the euther was vary much interested in what has
become a routine matter since, ncm&xy, ths use nof the méthods of communxcatzon:
engineering in serve design.

In firing at a moving target, it is necessary that the projectile arrive at
the vosition . of the target at .ome future timeé and not at the present position of
the target. This means that some method of determining the expected future position
of the target is naecessary. The simplest method would be to detorminé precisely the
prolcnt pos;txon of the target and its volocxty and by mnltxplvan the velocity by
the expected time of flight tc arrive at the vector expressing the differences be-’
tween the expected future position and the present position. This is only strxctly_
acecurate for perfectly rectilinear tlight observed with a perfect instrument. It is
wall known that our tracking instrumcents have very aporeciabla intrinsic and person~
nel errors and it is further well known that even a careful attempt to make o stra-
ight flight through an air subject to all scrts of currents and with muchxnasub)ect.
to irregularities- ‘of performanco bSth intrinsic dand die to the pilot is impossible.
It is- fuyther clear tha: errors far below such as would throw a shaell effectivoly
off the preaont vosition of the target mav lead to iclse estimates of the future .
position great enough to cause misses. Thus, even for:nomxnally ractilinear £light,
the problem of prediction is one which seems to involve a fairly complicated mathe—
matical apparatus, at least for its critical investigation and treatmant.

It then occurred to the author that the protlem of prediction, so Close to
problems in servo-mechanism theory, was eguivalent tu that of designing an operutor
which should aprroximate in an approrriats senss ths operator e , which is
well known to reoresant anticipation cy the amount XN , but which is not realizable
without altsration by any stablz circuit. The rroSlem then was to arrivs at stable
approximations to this; and a priori it occurred that an operator of the form
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might fulfill the desired purpose. Accordingly an gttempt was made,using Dr. Bush's
ai1fferential analyzer, to study the behavior of such overators on data of various
sorts, and in particular on data corsisting of a succession ot linear segments.

This cttempt was performed and the author gradually came to be aware of some of the
intrinsic differences in the protles.. If M was so chosen that the overactor yavs a
really good prediction for a rectilinaar part of the course to be fcilowed, this was
at an encrmous exrense of stability whan the¢ target vlane changes from one rectilin-
sar cocurse to another. t such places thers was a simply enormous overshoot, and
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it bgcnm obvious that in any gurve not precigszy of the shapé of a -impn +’
sinuso£¢ or sttaight line, any attonpt to use "this method of prodiction in.as’
ogtgqno form would lead to~u failure bocause ‘of lack ‘of ntcbility,-ox whax ii tho

innﬁx. Thxs :osponso was’so groat that the overshoot 1ncr¢asod.o:pounn€iallx qﬁ ;.?

umbes .of meshes in 1h¢ circuit increased. On'the otNer haad, if the n&mbar~of
neshos used in the circuit wers small,” ¢r in other: words ifwn. were- j&nll, “the
qpprn!imatxon of _the operator in question to an operator prodicting by a fiﬁed leod
bacame sketchy in the extreme. N was obviocus that the problm of procxc:ion was
assentxally that of a compromise between two effects in didmotrically opposits
difeétions. As in all. such compromises, the question -of dotorninxng the optimnm
sacrifice of accuracy tc be made for stability and of stability to be made for = .
angfocy was the cardifial question; and as in .all such cases, this led to édnsxd-
orntionc essentially belonging to- the calculus .of variations. ) L

& S u

° In order to settle snch a problem mathematically, . it was nbces'ary to kave
a numerical measure of the amount by which a method dOpOttl from ideal performance.
.In the cosa of prediction for anti-aircraft fire, the fundamental goal of our
efforts is to find the design of the predictor wkich shall produce the maxitum
nurber of effec*ive hits.,  This notion, however, is not well adapted to mathcmnt~
ical treatment: and in particular, not . to the caléulus of variations. In the first
place, it involves a rather conventional definition of what an effectiva hit is;
and in the second place, intagral numbers like numbers of hits are in general not
good material for minimization. It is thurefore expsdient at our present stege of
dovclopment to replace this minimization problem by one more. 1mm¢d10toty occclxble
to.mathenatical treatment, : ;

: ot all quantities.which lend themselves to an eoay minimization, the nost
nutntol are those which are inherently positive because they are squares of some
somple real expression or sums of such squares, If'this be opplled to the. Lourse
of a plano, then a tentative definition of the best prediction js that in which:
;the mean square distance between the actual and predxcted posxtxon 1s a mxnxmunu
thxs meah being taken with respect to the txme.

I wish to say that I am well aware thot this definition has serious faults.
In the tirst place, it puts an over-emrhasis on the points where the predicted
and the actual positions differ by a large amount. Now in fact after a very limi-
ted twilight zone, one miss is as useless as another. If a shell bursts over
4OC yards from a plane, it is quite as effectively wasted as if it burst a mile
gway.#* On the other hand, the mean square definition of error gives a considerable
weight to small errors occuring with great fregquency over a lecng interval of time.
It discriminates betweern two methecds of predicticn, in one c¢f which a prediction, -
let'us say, in error by 20 yvyards, is consistently reduced by five yards over the
prediction maxe By the other method.. Now witltin, let us say, 40 yards of a plane,
a shell burst is a hit, and may be regarded. as completgly destructive. to the plana.
Thiis at both ends of the scale the mean square tedt is doo sensitive, and it is not
specifically sensitive tc the:Tegion-of error corresponding to the. boundary of the
area blasted by the shell. Notwithstanding thaese considerations, the author has
not found any method of direct treatment of the true ballistic preblem which is

-

* NOTF by Div. 7. This staterent is scme what toc strong. For example 2.L. Weich has shown
(the Chancee of Damage to Alrcraft from AR.A. Shells: A generallzatlon of Frevious ¥ethods of
Solutlion. T.R.D. Peport Xc.23, pese 21) that when the standard errors in the rectangular
componentis of the errors in the burst roint are of the order of ECO feet, then about 165 of
the vital rounds are less than 100 ft., f{rom tihe tarzet, 299 from 100 fT.to200fL32%.from 200ftte
400 ft., and £0% over 400 ft. away. These data are for the British Z.7". If the standerd
sTror 1s sbout 200 feet, then tie correspondfng rercentages =re 24%, 2E¥, 32% end 3«
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mﬂthhnntically manageable. -He believes that such a mothod must pe found by the
-use of mathomntxcally monoqeoblo criteria such as that here employad, together .
thh ¢ certain amount. of artificial eliminration of portn of the plone coursc wh)ch
qEe: not importcmt for rool ml:.targ purposes. : ; :
. A!wther thiny that wnl ba soen is thut the mothod mployct is stotisticat, il
. The et;torion of goodness of a. prodxctxon procoduro 18 ona invelving time' avitdqol.
" It-is.4in the theoty of time series that the cuthor has sought the' basis’ ot his .
277 . netiods. Without going innto any.detail concerning these methods, it smay be said :
7w they are tased on the two basic ideas of auto—correlaticn coefficient and. s#tctﬂm
s If ¥o have a seguence of numbers ap, the auto-correlation coeffxcicnt4‘~of these
nunters for the lag w is the mean value, taken over all time, of the product of "
one - of these numbers and its associate wm stages later. The apectrum ig the funés., .v
tion whose Fourier: series hae as coefficients the duto-correlation caoffxcxcntl¢

of the original sequence. These are the simplest but nct the only statistical para-
meters of the time series. In order for any statxstxcolpradlctxcnmﬁthad_tofunctioq,

; it is necessary for such statistical parameters to have a certain degree of stabile:

E ity or in other words to be much alikz ovser a considprable range of differant time
serizs and of differ4nt parts of a singlc time seriszs, Wwhether the stability ex-
ists in portxculor casss 18 a gquzstion ot fact but it is oau this question »f Ifact
that tha2 possibility of the =ffective use of muthods of »rediction, ours o any
othars, dspends. S :

It is unnecessory here to go into the mathematical detail of the theory arising
from these conclusions. It has been prasented by the author in a monograph p“b—tf”’
lished privately by the NDRC entitled The Interpolation and Extrapolation of Lin-
ear. Time Serjes. and Communications. Ehgsneer;ng.- It is essentially similar to a
method carried out somewhat earlier by Kolmogoroff in Puasia but not known to the .
author until the pamphlet in question wds well underway. This method has recently
been somewhat extended and projected, and it is the intention of the author to givas
a subsequent report explaining these extensions and procections in eome detail,
but they do not concern in any vital manner the questions which he has bo.n spocxf—
ically asked to answer in the present final report.

In the early winter of 4940, Mr. Julian Bigelow was added as enginaer to the
personnal of tis project, and later Mr. Paul Mooney, as a mechanic. Mr, Bigalow
helpsd the author very considerably in the development of the theory and 'in ths
numerical computation needed to test the theory; but his cassistance was ¢greatest -
and indeed indispensable in the design of apparatus, and in particular in the de-

-+ velopment of the technique of electric circuits of long time constant. By the
usé of an amplifier of extremely yreat input impedance and a very accurate volitage-
fatie of unity, he was able to show that circuits with any impedance characteristic
realizatle at all were realizable with ths use cnly of ameclifiers, capacitias and
resistances, completely ignoring the use of inductances The inductances are well
known to bs the least satisfactory elemant of ordinary circuit design. They always
have undesirable parasitic resistancs, and whérc the inductance is itself to bs at
all larga; this resistancs may Es :ntirely excessive. It was therefore a step of
¥ enormous importance to free the technique of circuit design from the use of such
objectionable elements. Mr. 3igelow also desiyned an apparatus fecr generating
curves not unlike the track of an airplane as raw mcterial for testing the statis—
tical method. This apparatus for gencrating "tracks" was statistically stabilized
+ . py giving the operator a task to pericrm whiciv was strictly beyond his capacity
for accurate performance. In the apparatus a yuide light was moved across the
wall of the room ty clock work, arnd the cperator had a contrel oy which he was to
move a following light. This contrel leac on ths cne houd to an apparatus which
deliberately falsified the kinesthetic sensations stimulated in controlling it,
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the ihput recorder for previous runs. With the aid of ‘this apparatus a.Vlry'tiq-

mation concerning long time and short time errors in tracking, and concerning the

‘ties of anti-aircraft fire control; the authorities at Langley Fieid, who put at

- different types of flight; the Ordnance Burgau of the Navy Department at woshxngton,
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ond on the other, controued its spot of uqht in volocity ratheér than in m e
xtion. The angular distance between the input opot of light and the' outpnt spot GRS Skl
was _Tégistered through potentiometers as o variable voltage, and this voltdge -
0pornted two Easterline—Angus recorders., One of these ‘Yecorders was operated: :
dxrocuy, whlé the other was opcrotod through an odjudtablo etnctxic eitzuii of - .
the amplifier cdpacity inductance typs, the constants of this circuit bein’ ‘adjust-
od a8 in the atithors. theory of prediction, on the bosxs of. the anto»tott.latioﬂ of_

nificant degrée of prediction of the input:was .ebtained, and Mr. Bigelow and ths
author consulted with members of 89ctxon P-2 of NDRC for furthor instructions. 4
Thie consultation took place in the early summer of 1942. At the same time a de—
tailed: plan of a predicting apparatus was developed in which the method of predict-
ion of our theory was applied to the data of flight of the. plono as trnnofotuad ,
into intrinsic coordinates or in othcr vorda, coordinates determining tho direction
of flidht the speed of flight in track, and the altitude.

. At tha end of the summer of 1942, it was: decided by Section D-2 that before -
any definite conclusion should b« arrived at concerning carrying our theory into.
prcctice wa should inform ourselves more speci:ficallly as to the actual statistical
character of Gcirplane flight and of the tracking of such flight. In accordance
with this, Mr. Bigelow and myself mads an extended trip in which we visited
Mr, Flood's project at Princeton, where we obtained a consideratle amount of infor-

possible use of methods for tha precxso determination of plane position; the
Antx-Axrcruft Board at Camp Davis, by which courses 303 and 304 as here presented
were put into our hands, and by tne courtesy of which we were given a much more
extensive acquaintance than we previously had had of the tochniques and diffxcul» .

our disposal considerable: information comderning -the raguleritiesand 1rrqqulunt,iouf

who then and on a later occasion informed us very fully of whdt naval procedure
and anti-aircraft prediction was; the auth. ities at Aberdeen Proviang Ground;
Frankford Arsenal at Philadelphia; Dr, Fernberger at Philadelphia; the Foxboro
Instrument Company; and finally the work beir7 done on tracking at Tufts College.
In this way we learnad a great deal concerning tracking accuracies and tochnxques,
and the mattsr of cirplane flight from the standpoint of tha anti-aircraft gunner.
Ws also oktained by the courtssy of tha Army Anti-Aircraft Board a conaiderable

amount of numerical material which was to serve as the basis of an estimate of the
value of our method.

¢
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Runl 303 and 304 were nndo at Camp Duvis. Only angular tracking was pcxforloq,
~the ‘altitude of the plane being assumsd constant. “Wo fook the R cvs O.and RysTn# -

€

7 Magséordinctoy of Fan 303 at second. intesvals and abtainod their m:tooorr&iation
eionts. ﬂ:t sm work u undof way oa 304, but 1s ‘not conp!ttod. | ey

. Yhe on—course and cross—course autocorrelation cwﬂ;cient: an and b,,, fo-

A mni!’oly of the consécntive differences for u and for n-1 seconds of the compon—

0f: 303 were used to obtain spectra. ‘It was foun# that in the spectra both of
_1300 .and cross—course coaponcnta, ‘there was a marked n;nimum at peried abont
S seconds: This minimum was taken to indicate the upproximate boundary between
¢°lll?naonts due to the track and components dne to the tracking. It is scarcely to
be oxpected that a gap should not exist. between frequencies primarily in the true
courge and froquoncios primarily in the ‘tracking. It may be observed that we al-
ready know that the spectrum of tracking errors tonds to have a:peak at a period
of about 10 seconds and fall off rapidly for longer periods. The autocorrelation
cooffic1antg un and by were separated at this frsguercy into high ond low frequoncy
torns, ckn an f’n béing the low froquency pasriz. The system of squations

P 20*‘H+' ' }J.u

X a ,«+ RN o 0( C‘; ) . i
Q-“_ 3‘7 9-K = / _ = Q,. (H: 0, - - _.'q)
L : _ '1’: - Vi - o :

w

' xs‘colvod by a mathod dus to Dr. Crout of M.I.T. The quantitiss are then used
to qivﬁ rise to the weighting factors

it
-~

Yo '_# x,

L ) . Yy - X3 - 2,
Y2 ='Xz -
Yo = Xy — Xg
Yio= ~X9

If then the sequence of values of R, cos ¢ at second intervals is ngen as xn,
. wé obtain the best meon square approach to X + 20, in terms of X,, X, 4

- Xn_go O

10
X = :{‘ X -. Y
" N k.
n 4+ 20 =0 n-k -
A asimilar method is then used on tho values of R_ 8in ®, independently. We plot on

the same graph xn‘ a smoothed Xns X)), and thoproaxcted X" obtained on the basis of
a 10-second memory point method by ?ukxng

X't = 3X -2X
n n-20 n- 10}

plotting the pairs (R cos ¢, 5 sin @) and their predictions and smoothings as
actual points in the plane. Furthermore, the predictions X! and its corresponding
predicted R, ®in ¢ ere nade for #304 on the basis of coefficients computed from

# 3. Cn the # 303 chart, certain other smoothing methods and prediction methods
1re dlso shown. (see accompanying charts.)
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L% i engiy clear Sn 4303 that the -Onn -quoro orror ot prediction §s less
for 2' points than for the X*' points. The very great errors at the’ bogiahing of
vé rodused by not. inconsiderable foctors. - It also appeass that .the X' point
1z 8 \er fo thd“x'podnts thdn ars ‘the % 333 poiat# ¥ times cut of 134, or 678 of
f&i'flni. O the other hand, aliowing an error of 40 yards for nits to be consid-
e¥ed &b  effective, the X! points produce only 43 hifs ‘as to 41 by the X' metnod,

. @7 t.lclxvn improvement. of only 4%. This is scarcdly onouqh to juetify ‘the. coal:tu«
ton of ﬂcw apparatus.

Pbr a predictxon mathod to jnstxfy itself, 1t mnst be transfcrable to othct g
_Courses than those on the basis of which it is designed. When applied to #304, the
mean.  squdte error still seems to be reduced, though slightly, but the other factort
favor the X'®' method. X'' yields 53 hits against 48 for X', and is bstter 578 of
the .time.. Taking both runs together, X' is better 54& of the time, but X'' yields
3% more hxts.

Lot it be noted that a least-sjuare method is dominated by its bad points. In
=.!503 the early predictions are much worse than the later predictions, and much
worse than -any of the predictions of #3C4. This suggests that it would be desir-
able to re-examine the two methods in the light of autocorrelation coefficients
obtained from the latar points of # 303, or from #304. This I intend to do in the
near future. - :

In all such work, the difficult and expensive part is the computation of the
autocorrelation coefficients, although this will be much cheapened and speeded by
a new computing machine,invented oy Mr. Bigelow for another government project.
Once -these are obtained, it would ve a shame not to use them to the full, I pro-
pose to submit a supplementary reporf in d few waseks, containing predictions for
#303 and #304 for leads of O, 5, 10, 45,' 25, 30, and 35 seconds, based on auto-
correlation cocfiiciante obtained from eithar:

(a) thes corresponding coordinates of #303
{t} the corrssponding coordinates of #3C4

{c) compromisas Lbetwean ths R, cos ¢ and Ro sin @ coordinates
to procduce apparatus inderendont of the angular orientation of the apparatus with :
respect to the general direction of flight of the airplane. I also propose to in-
clude some practical examprles of altitude prediction.

Let it Le noted that the assumptions that the altitude of the plane is constant
in #303 and #304 mean that we have been predicting, not true horizontal coordinates
but mixtures of these with the vertical coordinates. This affects the usefulness
of any instrurment based on our computations, but not the general qusstion of the
faasibility of such instruments.
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Apcrt from the. pooaibiiity that the use of prodicttoﬂu bccod on 0304, or ‘the
latter part .of #303, may improve mattérs much-more substantially’ thes ¥ noyw oxpoet.
1t ‘appears that sy methods do not lead to any practical tmprovonont over. the-. - .-
 "@esoYy-point® tethked, This. latter method, can be roaiizod either. by taking ciiqmn=

us of a ro~t11£ncnt ‘segment - “to be prolonqod ovraally fﬂxua uochdnieal pci,t?
; - e Bode meéthod, ‘or a short time cvorag&, as in the Lovoll mothod. In,oithnr

cai-, _the Tesults as applied to #303"and #304 will not be . substantially ‘better-than
'thost actually obtdined by the use cf Sporry or of USMC appnrotns, as’ .houn 4n tha
aéaonpanyinq official chcrts. 2 ; : 2%

I! is almost certain that tho mnthomctxcal advantage of my nethad wxll really
appear for considerably shorter times of flight than 20 seconds, ‘Here, howéver, .
the large-caliber AA wecpons, to which I have been asked to confine my report, find -
as heavy competitors rapid-firing automatic weapons of smaller caliber, which fire’
traces, and hence act simultaneocusly as weapons, observing instruments and ballistic

cams. With light portable weapons, the advantage of an elaborate, not too easily
portablo instrument becomes quite queostionable,

To what extent the negative result of this investigation is due to bad tracking,
to what extent to the restriction of ths useable past to 4C seconds, and to what
extent to the fact that the enemy plane has a very considerable chance to change its
flight pattern, whether voluntary or involuntary, in the twenty seconds of nrojectw
ile flight, is not yet fully cloar. I intand to study thess matters with somewhat
grzater theroughness, although I am convincod that the last named ¢ffect is pro-
pondurant. Thie is indicated o5y the general similarity of the X' and ¥'' curve,
which differ much more in their leng-time awinga than in their general short-time
character.

The work doné on #3C3 is optimum from the mean square point of view. The fact
that this optimum work is not significantly pmore effective from the practisal point
of view than the memory-point methnd, nor than the overall results of present
predicting apparatus as realized in practice, indicates that no great consistent
improvement in long range 2A fire is to be expected. Tris is all the more obvious—
ly true in that the actual predictions used for these tracks employ times of '
flight varying from around 2C seconds up to about 35 seconds. In particular, it
is now clear that the unremovable errors of these predictions are not smaller than
those errors due to oscillations in the time-oi-flight feed-tack cycle, etc.
Present field results are much closer to the best obtainable Ly any imaginable ,_
arparatus than I had expected, and I presume, than most workers in the field had
exrectyod. Accordingly, there is less scope for further work in this field than
we hqgd believed to pe the case.
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The author firde that an optimum:mean square prediction method bassd .
on.a 10 second past and with a lead of 20 aoconds .does ‘not give snbstcntiol
iaprovomewt ove: a mamnry-noint method, nor ‘over oxietinq practice. He
préposes to check this result with a simildr method in which the more unpre-
dictable parts of the course are discarded, and to discover the maximum lead
for which his method yields an 2fiective 1mprovomont in prediction. He also
wishes to examine the theoretical effect of better tracking, He considers
that if these investigations do not yield a much more favorable result than
those clready carried out, and he does not anticipate that they will, ha
will have sstablished that new developments in the design of long-time pre-
dictors have already reached the point of diminishing returns, and that ali
offorts in this field should be concentrated on features leading to more
rapid production and-simplicity of usa in the field. _
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Tho present report is intended to cover all rouninxng
issues on project 5980. A4 a basis for this report, I refer
back te your letter to:Majcr General Williams and others dated
Oc¢tober 6, 4942. 1In thot letter you distinguish between four
types of: curvod flight, These are:

°(£) The curved flight of delibercte-evasive action

- (2) The rather steady longer radius flights oi.a plane
making a wide sweeping change in direction
: - {3) 7Tne very much iunge: iudius cuive, piesunibly ioiiowsed
by a plane whose pilot is nttomptina to fly in approx;-qtely a
‘straight course

(4) The irregular devxotxons of a plane whoso pilot is

ntfaﬁptinq to fly a straight course due to bumpiness of air, etc.

You mnko a distinction between two types of flight predic-
tora, namely, an analytical flight predictor depending on the
qosnmptxon that the course has certain analytical properties,
and o wander predictor, the latter being statistical in character.

Yeu ask

(1) Of the four types of curved path referred to above,
‘how important tactically do I consider it to be to develop an
anti-aircraft predictor that might furnish better predictionst

(2) Do I.think an analytical curved flight predxctor is
important in connection with type three!?

(3) Do I think that type (2) occurs frequently enough to
make it important tactically to shoot effectively during ‘this
type of flightt e

These questions were addressed to various army officers as
well as to myself. I have seen the answers of a good many of
theése army cfficers, and I have in addition had the opportu—
nity to make a thorough statistical study of flights 303 and 304,
furnished me by the Anti Aircraft Beard at Camp Davis, Nor a
Cardlina, I have also had the oppertunity of looking at a <cd
many of thae other courses from a less detailedly critical point
of view, and of talking over with airforce authorities the
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mechanisms of stra;qht line flight and the causes and extent: of
errors in wch fl.ohts. 1 havo come to the fonovuc concluuon..

(1) 'm. curved nxgbt of dolxbarato evasive action, in par- .
ticular when the plane is flying at a height of 10,000 feet or
more, is much too curved over the interval between which the L
"shell leaves the gun and that at which it arrives at itse dontnna-
tion tc make any effective prediction for such flight worth

Cwmils. This c;;'lusxon.mxght conceivably have to be changed for
very short range, small calitre anti-aircraft wedpons, tut it is
extremaly doubtful in such a case whether any mathematical treat- .
ment of the matter cam begin to compare with the use of simple

and foolproof devices for predicting, plus the building up of a
battery throwing a simply ovarwhelming weight of metal.

(2) The evidence from all military sources that has Leen
made available to me is that the rather steady, longer radius

- curved flights of a plane making a wide, sweeping change in
direction, occur so seldom during actual combtat that it is
.scarcely worth while to design fir control apparatus to meet them.

(3) The very much longer radius curve followed by a plane
whose pilot is attempting to fly in approximately a straight
courseé can not b5e to~ completely dxstxnguxshed from

(4) The irregular deviations due to . bumpiness of air , etec.
Between (3) and (4), we find a quite appreciable asviation of the
vlane from a straight course, and(if we use any elementary

- method of "‘prediction) a much more appreciapble deviation of the
predicted position of the rlane from its actucl future position.
These deviations are large 1n comparison with the deviation of

" the burst of a fuse shell from its root-mean-square position.

Any reduction in this deviation will cause a more econimical use
cf ammunition and an appriciable improvement in the number of
hits with a given amount of armunition.

The author has made saveral attempts *o introduce an improve-
ment in the prediction of the future position of the shell in
such a manner as to conserve as much as possible some existing
type of predicting arparatus, and also to lexd to as stable and
consistent a theory and design as possikle. [t is wsll to notice
that in an ideal arrangement the prorer coordinates to introduce
would ke intrinsic coordinates, as we have indicatad in an
carlier report. The chief value of introducing intrinsic
coordinates 18 that they maké a sharp distinction cetwsen thre on-—
coursc and cross—ccursa coordinates, which havs a snaorply distinct
statistical behavior. Another way of producing what is to a
first order th: same efiect is to introducs one of thgs goometrical
muthods ot prsdiction first, such as, that ot Bode,* and than to
.apply statistical prediction to the =rrors of the gzometrical
mathod.

*Note by Division7, the"Bcode® method teo which Wierer refers 1s a memory po!nL systeR which
was originated by Bode, 2lthougk urknowr to him, it was developed considerably earlier
by Mr. Tuncan J. Stewart, Merber of Division 7. (Barber-Colman Co., Rockford, Iil.)
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I may remark ucrenthot;caliv here thct I do not ‘coneider the

.distinction cetween geometrical and stutxctical prodxct:on as

absolute. Any geometrical prediction which involves too great
-} nnifornitf in the geometrical characteristics, of the curves to
ke predicted is to be thrown cut because it is not applicable

‘on the average to the predictor problem which we meet in practice.

This simply.says that it is to be thrown out because it is
atutxstxcally inadmissable, Simxlarly any statistical method of
prediction is pused on the exis‘ nce of certain uni formities

. petween the various curves which are to be predicted, and thezy
. uniformities -are expressable in mors or leoss qeonntrical language,

To return to the Bode prediction, Bode's method is to fix a
certain memory-point in the past of the motion of the plane; and
to extrapolate linearily along this straight line. Any suck
method will ¢f course have errxors, as the motion is not in fact
parfectly rectilinear. These errors may be observed and ie-
corded, cnd a crude method of improving the Bode prediction
wouald Le to correct the future position predicted for the plane

" by canceiling out the présent observed error. This method would

involve a negative feed-back. It can ke made much more effective

by replacing the present error of position of the plane =L -
computed statistically from this, The Bode method has a great
advantage in that it is easy both theoretically and mechanically

te trecz® ‘departures from ugiform rectilinear motion across the
genercl path of the plane on a different basis from those along

the path of the plame, It is therefore both from the theoreti-—

'cal side and from the practical side a method extremely adaptable
“to improvomonts such as those hore aqueated.

It will bs noted that the memory point in the Bode methoqd
nood not te at the baqxnnan of the trajectory. 1In fact, the
Bode apparatus is so constructed as to allow for a change in
the memory point used in the middle of the flight. A method of
prediction closely related to this would be one in which the
memory point is set a fixed distance back in time, beyond the
running present point. This result may te achieved to a con-
siderable degree of precision by taking average past coordinates
of the point, as read through an electrical lag system, and con-
paring them with observed present values. BSuch a method differs
in description, but not in actual function, from one in which
the derivatives of the coordinatss of a plcne are taken, not
instantaneocusly, but by means of an integrating, smocthing
device, and used as the basis of a linear sxtrapolation of the
coordinates of the plane. Such electrically smoothed derivatives
are uscd in'a device invanted by Mr. Lovall, and in the improve-
ment of the Sparry predictor by the United Shoe Machinery
Corporation.®* In the latter case, the amoothing covers and
interval of some threée ssconds.

* Note by Division 7. A rate smoothing and matching device, designed to be added to the
Speery director in the fleld, and following the general achsrie suzgested Ly the United
Shoe Machinery Co., Las also been rroduced under Division 7 ausplces, and 1S now under
service production.
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2. on the buis ‘of courses 303 ‘nnd 304, prodiptions wero M‘
br uvmn teirtotivs luathods, “of which the significant ones -

oypmnd to be:: (1) the Bode mthod, u:ing the initial point . -

as a nsmoxt_polnt,. (2} the modified. Bodo mathod, using a point
10 seconds back as the namoxy pointe (33 the Bodo method, .
“with' -the cross~course orror of the Bode method durrected by a
*statxstical method of prediction based on a conjoint use of the

. #tatistical data of 303 and 304. Over a period of time of 165 G

"bagends for 303 and cbout the same time for 304, and with an’
assumed radius of destruction of 40 ynrds for a burst, thxs
yialdod

Track | (1) ERode O (2) ‘-l.O‘Seé.'Bode_ _ (3)

e ~ CONFIDENTIAL

Statis-—

tical
303 6 hits 22 hits 23 hits
304 35 hits . 85 hits 49 hits

In course. 303, the curvature of the course is very cénspiéubga
on the map, and it is parhaps not surprising that the fixed
memory point is disadvantageous. On the other hand, 304 is a

,'-nck strnxghter course, and. the result is really noteworthy.

It appeared thnt an improvement of (3) by the application
of a statistical method to the on-course coordinate as well cs
-tho cross-courso coordxnato would increase the number of hxts,
but not qreatly, ‘and would certainly not bring out any clear
superiority to method (2}. It also appeared that the merits

of (2) would not be greatly changed by reducing the amount of
past used to 6 seconds, nor. by increasing it to 20 seconds.
It was easy to get statistical methods which should slightly
but appreciably improve tha number of hits for 303 or 304 .
separately, but. nct simultaneously.

To come to procticol conclusions, the Bode method is
certainly not to be used with fixed memory point, and it seems
that to put the memory point under the voluntary control of an
operator is giving him too much freedon of judgement: in practice,

 The Bode apparatus can be brought to a high efficisncy by a

supplementary statistical i< network. Even at this level,
however, it does not seem from present evidence that it will be.
out of the class of a somewhat improved U.S.M.C, apparatus, and
similar simple smoothing devices. '

In the computation of methed {3), the full force of my
statistical methed was used, without anv restriction, as before,
to a ten-second base, As far as 303 and 304 are concerned, the
work may be considered substantially final. However, these
flight paths are to a certain extent net complaetely accurate

P
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txq;dctoikos. Ihcy'have btqp nade éimi'fa
height of the piane above: the g ¢ oﬁn@ is =3
- Gzimuth and angle of elevation %f “the plan -‘in,o ‘been m;urgu. e o2
“That. is.any departure of the nltituft ‘the plane from con— -

stancy. has been registered as i fiqtrﬂaqs chungo of deimuth or
angle of elevation, This means thdt in- any - Lrue - mndhanizatinn ==
of an improved predictor, there wiil be, tproo quulxt;os thht we
have to take care of, not two, and thaso three will be on-=course:
distanco, - croe-—cours. distance, and attitude. "It is important
to:design the constants of any prédictor on the basis of the
history of the actual data submitted o the’ predictor, and’ if
any further use is to be made of the suqqestionr prosentod in

this paper, it will be necessary to curry out further exporiaonta
in this direction. :
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Furthermore, two: courses made under similar conditioms wi‘h
a similar plan are not enough to serve as a basis. of design, no
matter how much they may be sugqeatxvs:&hnt xmprovementa may be
obtained. :Befoi. any dtismpt to realize method. (3) cam be
carried out, a program of examination of: €ourses :Tun certa:nly
up into the40O’s and probably into tho 1CT*s will be needed.
"I hesitate to make any such recommandetlon beccuse 1 fronklz
do not know to what extent work of this sort may tie up o
present working sources of the country, and ‘bacausa the- present
expectation of great improvement is too dxatnnt to be. sxgnxfx-’
cant in the present war. I most definitely ds recommend tnot

such study be made within _someé part of the 10ng txme proqran
-of our ornod services.
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Respuctfully submittad °

KORBERY WHENER
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